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Abstract 
Under the joint effects of the basic natural conditions and human activities, soil wind erosion is very serious in the Tuhaimajia 
River Basin situated in the semi-humid region. The large-scale application of agricultural water saving measures in the river 
basin is directly affecting the moisture content and its temporal and spatial distribution of crop root zone. Soil moisture is an 
important factor influencing soil wind erosion, and the effect of agricultural water saving on soil erosion becomes an important 
indicator for the evaluation of water saving in the river basin. Based on a distributed simulation model for water resources 
allocation and water cycle (WACM) developed before, a process-based, continuous daily distributed simulation model for soil 
wind erosion is developed by adding the function of soil wind erosion simulation to WACM, and this model may be used to 
simulate the regional soil wind erosion process under the current conditions and with the effects of climate change, and water 
supply & use and farming activities of human beings. With this newly developed model, the 15-year soil wind erosion process in 
the Tuhaimajia River Basin during 1991-2005 is reconstructed, and it is discovered from the simulation results that the average 
soil wind erosion modulus of the 15 years is 1.217kg/m2.a, i.e., the river basin as a whole has slight soil erosion, but soil wind 
erosion is very serious in some years and in parts of the river basin. The soil wind erosion of 1991 is at a moderate level, and the 
average soil wind erosion is also at a moderate level in some areas such as Xiajin in Shandong Province. Finally, quantitative 
analysis is preliminarily made on the effects of large-scale application of water saving measures on soil wind erosion in the river 
basin, indicating that intensive water saving exerts slight effects on the overall situation of soil wind erosion in the river basin, 
but produces significant effects in some areas. 
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1. Introduction 
Soil wind erosion is referred to the process of denudation, selection and transportation of soils and their parent 
materials under the effects of wind. Serious soil wind erosion not only causes the loss of fine substances, nutrients 
and organics on ground surface in a large quantity, hence causing decline of land productivity and affecting 
agricultural sustainable development, but also may even produce sandstorms in a large area, pollute the environment 
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and harm human beings’ health. China is one of the countries suffering the most serious soil wind erosion in the 
world, with 60.9% of its territory under the influence of soil wind erosion [1], and the sandstorm hitting the northern 
China results from the most serious soil wind erosion. The second national remote sensing of soil erosion in China 
shows that soil wind erosion has surpassed soil hydraulic erosion in both covering area and intensity, and is most 
severe in the northwestern China, with the main causes being drought, overgrazing of grassland and man-made 
damages. A study on the Tuhaimajia River Basin situated in the semi-humid region also indicates such a 
phenomenon [2], concluding that, because of the natural and human factors, soil wind erosion is being aggravating in 
the river basin, and even the landscape of desertification of the arid and semi-arid regions has emerged in the areas 
with the most severe soil wind erosion within the river basin.  
In China, systematic researches started in the 1950s on the natural conditions for wind erosion and sandstorm 
activities, development of wind eroded landscape and regularities of sandstorm movement, and were mainly of 
surveys at the macro-level and qualitative analysis. After the UN conference on desertification in Nairobi in 1977, 
soil wind erosion as the most important link in desertification process was given unprecedented importance. The 
Chinese scholars carried out a lot of researches by applying remote sending, on-site survey, fixed position 
observation, experiment and simulation, etc, and, and the researches of soil wind erosion gradually shifted from 
qualitative study to the semi-quantitative and quantitative wind tunnel study. Since the 1990s, multivariate statistical 
model and dynamic simulation model have been applied to simulate the process of soil wind erosion on the basis of 
qualitative analysis, on which basis have been developed or established the approaches and measures for regional 
erosion management and the direction for the development and use of land resources. Though some research 
achievements have been derived on sandstorm landscape and desertification, wind erosion dynamics and wind 
erosion influential factors, but studies are still inadequate in the aspects of management and prevention of farmland 
soil wind erosion and simulation of regional soil wind erosion, in particular, very few have been achieved in the 
simulation that can reflect the change of regional soil wind erosion under the joint effects of the natural and human 
factors. In this study, based on a simulation model for water resources allocation and water cycle (WACM) 
developed in previous studies[3], a module of soil wind erosion is developed for the simulation of water resources 
allocation for the natural and social uses and water cycle and the study of the process and temporal and spatial 
variation regularities of soil wind erosion in a systematic way, and for the quantitative evaluation of the effects of 
different patterns of water resources development and utilization on soil wind erosion in the river basin, considering 
the effects of change of regional water resources development and utilization and farming practices. 
2. Distributed Simulation of Soil Wind Erosion 
2.1. Model Structure 
The natural and human factors affecting soil wind erosion events changes with time and space; the constituents of 
minerals and the size of soils particles, etc remained unchanged in quite a long period; the factors such as vegetation 
cover may change in a short time; and wind velocity, precipitation and soil moisture changes quickly and exert the 
most acute effects on the temporal and spatial pattern of regional soil wine erosion. Therefore, consideration needs 
to be given not only to spatial variation, but also to temporal variation; in addition to describing the effects of natural 
factors, the effects of human activities in interaction with the nature need to be accurately simulated; and the 
interactions between regional precipitation, water allocation and use by human beings, surface water, soil moisture 
and groundwater and their effects on surface soil moisture need to be identified, in order to simulate regional soil 
wind erosion objectively. Thereforeˈby developing a module of soil wind erosion based on WACM to establish a 
process based, continuous daily distributed simulation model of regional soil wind erosion, simulation can be made 
of the effects of climatic change, water supply & use and farming of human beings, etc on regional soil wind erosion. 
Figure 1 shows the structure of the distributed simulation model of soil wind erosion. Based on a specific study 
area, water cycle units (WCUs) are first defined in the model according to the spatial variability of the natural and 
human factors. Within each WCU, simulation units (SU) for soil wind erosion simulation are defined. Based on the 
simulation of regional farming pattern and cropping practices, the allocation and transporting process of water and 
the processes of regional evaportranspiration and interaction between surface water, soil moisture and groundwater 
are simulated in details at daily time steps to produce the daily process of surface soil moisture in SU under the joint 
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effects of the natural and human factors; and, based on this, a simulation model of soil wind erosion is constructed to 
simulate the process of soil wind erosion in SU. 
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Figure 1.The structure of soil wind erosion simulation module of the WACM Model 
2.2.  Simulation of soil wind erosion 
x Critical friction wind velocity 
Critical friction wind velocity represents the capacity to restrict dust emission by wind erosion on ground surface. 
The existing models of soil wind erosion show that soil wind erosion is mainly affected by wind velocity and the 
critical friction wind velocity on ground surface, and the critical friction wind velocity is mainly affected by soil 
particle size, soil moisture, vegetation coverage and soil hardness, etc. In this model, the calculation method raised 
by Shao, et al [4-5] is adopted, which considers the effects of soil particle size, soil type, vegetation coverage and soil 
moisture on the critical friction wind velocity, as follows:  
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Where AN and H are empirical constants and their values are taken approximately as 0.0123 and 3×10-4kg·s-2, 
respectively; pV  is the ratio of density of soil particles (it varies slightly with different soils, and its average value is 
usually taken as 2650 kg·m-3) to that of air (1.23 kg·m-3); g is gravity acceleration, approximately taken as 9.81m·s-2; 
U  is density of air; and d is particle size of surface soil. H(Z) represents the friction of soil moisture to dust emission 
by wind erosion, and based on the studies of Fecan[6], et al, its expression is 
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Where a and b are empirical constants; Zc  is the critical value to which soil moisture has significant friction role; 
and C is the percentage of clay particle in surface soils. The magnitudes of a, b, c and Zc  decide the type of soil. ( )R O  
represents the friction of vegetation to dust emission by wind erosion and, according to Raupach[7], its expression is 
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Where V  is the ratio of root area to foliage area and its empirical value is taken as 1.45; E  is the ratio of the 
dragging coefficient of individual vegetation element to that of ground surface without vegetation cover and its 
empirical value is taken as 202; m is a constant less than 1 and its empirical value is taken as 0.16; andO  is foliage 
area index determined by vegetation cover coefficient f and is determined by the following empirical equation 
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x Calculation of friction wind velocity 
As affected by the aerodynamic roughness of the simulation area, there is some difference in friction wind 
velocity between different environments. In order to directly apply the wind velocity at meteorological observation 
stations to wind erosion simulation, the friction wind velocity of meteorological observation station needs to be 
modified. Within 100m above ground, wind velocity varies with elevation in the light of log relationship [8], and 
friction wind velocity Ut at observation elevation Z is 
 
* 0( / ) ln( / )t tU U k z z                                                                                                                                    ˄5˅ 
 
Where Ut is friction wind velocity; Z is elevation of wind velocity observation; K is karman constant (usually its 
value is taken as 0.38-0.4); and z0 is ground surface roughness (mm). 
x Amount of soil wind erosion 
Soil wind erosion may occur only if wind velocity has reached the starting wind velocity and wind velocity 
directly affects the intensity of soil wind erosion. The amount of wind erosion is determined by the portion of actual 
wind velocity surpassing the starting wind velocity. The relationship between the amount of wind erosion M and 
starting wind velocity Ut is [9] 
 
B
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The regional (river basin) erosion modulus may be expressed as 
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Where Em is the regional (river basin) erosion modulus in kg/hm2.a; t is time in days; T is the number of total 
days of a year; n defines soil wind erosion unit; N is the total number of soil wind erosion units; Mt,n is the amount 
of wind erosion in g·m-2·min-1 of soil wind erosion unit n in day i; and An is the area of soil wind erosion unit n in 
hm2. 
3. Current Status and Causal Analysis of Soil Wind Erosion in the Tuhaimajia River Basin 
The Tuhaimajia River Basin is situated on the Yellow River alluvial plain in the warm-temperate monsoon 
climatic zone. The average annual precipitation is 570 mm in the river basin. The river basin receives plentiful 
precipitation in the summer, is cold and dry in the winter, and is dry and receives slight rainfall in the spring. The 
landscape in the river basin is complicated with great variation in micro-landscape. The surface soil layer is mainly 
of sand with a loose structure and poor fertility and moisture holding capacity. Floating dust and blowing sand 
weathers often hit the river basin when it experiences dry and windy winter and spring seasons, with sandstorm 
occurring to part of its areas, particularly, Xiajin County in Shandong Province, which has been listed in the areas 
suffering high level threat of desertification by the UN environmental protection organization[10]. According to the 
surveys on the current status of soil wind erosion by counties and municipalities in the river basin, the class of soil 
wind erosion is determined qualitatively according to the severity of soil wind erosion by comparing the situation 
between counties & municipalities, as shown in Figure 2. 
 
Figure 2.Class of soil wind erosion in the counties and municipalities in the Tuhaimajia River Basin 
The soil wind erosion in the Tuhaimajia River Basin is a result of the joint functioning of multiple factors, 
including climatic conditions (strong wind and slight precipitation), soil status (soil minerals, distributive 
characteristics of soil particle size, soil hardness and soil moisture, etc), elements of surface roughness (non-erodible 
soil sets, vegetation coverage) and land use and management, etc [11] . These elements may be divided into two 
categories, natural and man-made. The natural elements provide objective conditions for the occurrence of and are 
the basic causes for soil wind erosion. The man-made elements are promotional conditions for the occurrence and 
development of soil wind erosion and are an important cause for the accelerated development of soil wind erosion. 
The synchronization of dry and windy seasons in the river basin is the direct cause for the occurrence of soil wind 
erosion. The dryness and strong wind in winter and spring provide adequate external stress for the occurrence of 
seasonal wind erosion of dry, loose and fine soils without protection, during which period the precipitation is less 
than 10% of the annual total in the river basin and the wind velocity is much higher than that in other seasons. In 
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addition, there is a lot of sandy soil dominated by fine sand on the ground surface in the river basin, as created by 
the migrations of the Yellow River channel, flooding of the river and irrigation using diverted Yellow water, which 
provides the material basis for the formation of seasonal soil wind erosion. Other factors such as sparse and a small 
number of varieties of natural vegetations, seasonal exposition of farmland, the custom of plowing farmland before 
winder, and the disturbance of ground surface structure by industrial and mine construction all directly contribute to 
the formation and development of soil wind erosion. 
4. Simulation and Analysis of Temporal and Spatial Variation of Soil Wind Erosion in the Tuhaimajia River 
Basin 
4.1.  Soil Wind Erosion Simulation Units  
The definition of soil wind erosion simulation units for the Tuhaimajia River Basin is made by considering the 
natural and man-made elements. First, 391 catchments are defined, then 651 irrigation areas are defined based on the 
main irrigation and drainage canal systems of 12 large-sized irrigation districts and five medium-sized irrigation 
districts, then 1772 water cycle units (WCU) are defined based on the catchments, irrigation areas and 32 counties as 
shown in Figure 3. There is geographical information on each WCU, which covers the six levels of province, 
municipality, county, catchment, irrigation district and irrigation area and is thus convenient for statistical analysis 
and administrative management. Based on those WCUs, 30124 soil wind erosion simulation units (SU) are defined 
according to the land types of forest, grassland, lake & wetland, residential area, unused land, natural river channel, 
diversion & drainage canals and farmland, and 12 kinds of crops, including wheat, rape, corn, cotton, bean, sorghum, 
millet, peanut, rice, vegetables, melons and fruit trees, in the river basin. The processes of soil moisture change and 
wind erosion are simulated in details with the WACM model for the 30124 SUs. 
 
   
Figure 3.1772 water cycle units 
4.2.  Model Data and Parameters 
The data and parameters of soil wind erosion module of the WACM model mainly include 1:10000 topography 
map, 1:100000 land use map, soil type map, vegetation coverage, cropping mix, daily meteorological data, water 
diversion and drainage data and related parameters by county and municipality. Table 1 show the land use map and 
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areas of different land uses in the river basin in year 2000. It can be seen that farmland and residential area with the 
most intensive human activities hold the biggest proportions, 63.8% and 15.0%, of the river basin area, respectively. 
Sandy loam is extensively distributed in the river basin, with particle size ranging 0.1-0.25 mm, and the particle size 
of Yellow alluvial material is usually less than 0.1 mm. The data on vegetation coverage mainly comes from 
AWHRR image data of NOAA satellite. The value of aerodynamic roughness parameters is selected for the land 
types of forest, grassland, traditional plowing, deep plowing, deep scarification, plowing and covering, shallow 
plowing, high or low stubble no-tilling wheat, high or low stubble rape, etc, respectively. The values of a, b and Zc  
for different soil types are determined by adopting those of Shao’s dust emission case for 12 soil types [12]. There are 
totally ten national level meteorological stations within and surrounding the river basin at Dezhou, Huimin, 
Shenxian, Jinan, Tai’an, Heze, Yanzhou, Xingtai, Cangzhou and Anyang and 43 rainfall stations within the river 
basin, from which data are available on daily by day four air temperatures, relative humidity, air pressure, wind 
direction and velocity, daily highest and lowest temperatures, sunshine hours and precipitations of hrs 20-08, 08-20 
and 20-20.  
Table 1.Areas of different land uses in the Tuhaimajia River Basin 
 Farmland 
Residential & 
construction 
Forest Grassland Unused 
Lake & 
wetland 
Diversion 
canal 
Natural river 
channel 
Total 
Area˄10 3 km2˅ 20.2 4.8 0.2 2.1 3.1 0.5 0.6 0.2 31.7 
% 63.8 15.0 0.5 6.7 9.8 1.5 2.0 0.7 100.0 
4.3. Simulation and Analysis of Soil Wind Erosion in the Tuhaimajia River Basin 
In the simulation of water resources allocation and water cycle and the accompanying process of soil wind 
erosion in the Tuhaimajia River Basin, parameter calibration is first made for the model of water resources 
allocation and water cycle, and verification is made with the information from experiments and observations on 
surface water, soil moisture, groundwater and evapotranspiration, which are not presented in details here. Because 
there are no systematic experimental and observation data on the historical and current status of soil wind erosion in 
the river basin, the parameter calibration is mainly made by consulting relevant experiments and verification of soil 
wind erosion is made with survey and statistical data, remote-sensing data analysis, environmental bulletins of 
Shandong Province and results of previous studies[13-21]. Based on the parameter calibration and model verification, 
the effects of large-scale agricultural water saving on soil wind erosion in the river basin are analyzed quantitatively 
by simulating the process and temporal and spatial variation of soil wind erosion during 1991-2005, based on the 
1995-2005 daily data series of the ten meteorological stations, daily Yellow water diversions of the 12 large-sized 
irrigation districts and five medium-sized irrigation districts, land uses of years 1990, 2000 and 2005, and data on 
farmland and sowing areas and amounts of local surface water and groundwater for irrigation of the counties and 
municipalities, and considering agricultural water saving potentials. 
x  Simulation of daily soil wind erosion process 
Soil wind erosion is a result of interaction between near-ground air current and surface soil substances, and the 
effects of vegetation on air current and its protection to ground surface are mainly produced by increasing 
aerodynamic roughness and friction rate. The higher the vegetation coverage, the larger the friction rate and 
resistance to near-ground air current, and less likely occurrence of soil wind erosion. Figure 4 shows the simulated 
daily process of soil wind erosion for different land uses during 1991-2005 for the unit near Yucheng. It can be seen 
that soil wind erosion in winter and spring is much higher than in other seasons, and the intensity of soil wind 
erosion ranks in descending magnitude in the sequence of unused land, farmland, forest land and grassland. Because 
ground coverage differs between winter and spring, there is a great difference in ground surface roughness and 
friction rate. Forest land and grassland have big ground surface roughness and friction rate and a high capacity 
against wind erosion. Unused land and farmland have an exposed soil surface without any vegetation cover before 
1562 Zhao Yong and P. Yuan-sheng / Procedia Environmental Sciences 2 (2010) 1555–1568
planting in spring; and, particularly after the thawing of frozen soil, the surface soil layer is loose and dry and this 
soil layer is highly liable to serious wind erosion under the effects of frequent and strong wind. But in early spring, 
with the sprouting and growing of crops, the vegetation coverage is highly increased and there are also significant 
changes in ground surface roughness and friction rate; and the capacity of ground surface to reduce near-ground 
wind is highly increased, thus the capacity against wind erosion is increased and the intensity of soil wind erosion is 
greatly reduced. 
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Figure 4.Simulated daily processes of soil wind erosion for different land uses 
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x Temporal and spatial distributions of soil wind erosion in the river basin 
Figures 5 and 6 show the simulated temporal and spatial distributions of soil wind erosion modulus in the 
Tuhaimajia River Basin during 1991-2005. It can be seen that soil wind erosion is most serious in 1991, 1993 and 
2001 in the 15-year series. The main reason for that is that wind velocity in the three years is significantly higher 
than that in other years. With the conditions of ground surface substances unchanged, the more the days with an 
above-threshold wind velocity, the deeper the erosion into surface soils. As shown in Figure 7, there is a significant 
correlation between soil wind erosion modulus and wind velocity in the river basin, and the correlation is more 
closed between wind erosion intensity and the maximum ten-day average wind velocity and the maximum five-day 
average wind velocity. 
 
 
Figure 5.Temporal and spatial distributions of soil wind erosion modulus in the Tuhaimajia River Basin, 1991-2005  
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Figure 6.Variation of soil wind erosion modulus in the Tuhaimajia River Basin, 1991-2005 
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Figure 7.Correlation between soil wind erosion modulus and wind velocity in the Tuhaimajia River Basin 
Figure 8 shows the spatial distribution of average soil wind erosion in the Tuhaimajia River Basin. The averag
annual soil wind erosion modulus in the river basin during 1991-2005 is 1.217 kg/m2·a, and according to th
standard for the classification of soil erosion intensity, this river basin as a whole has slight soil wind erosion. In th
river basin, Xiajin County has the most severe wind erosion, with the average annual wind erosion modulus bein
2.7kg/m2·a, which is at a moderate level. The area with a soil wind erosion modulus more than 2.0 kg/m2·a accoun
for 2.6% of the river basin, that with a modulus ranging 1.5-2.0 kg/m2·a 16.2%, that with a modulus ranging 1.0-1
kg/m2·a 58.8%, and that with a modulus less than <1.0 kg/m2·a 22.3%. Because of the effects of climatic factors an
human activities, there is significant spatial variation of soil wind erosion in the study area, which is in gener
consistent with the results of qualitative analysis and observations. 
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Figure 8.Spatial distribution of average annual soil wind erosion modulus in the Tuhaimajia River Basin 
x Effects of development and utilization of water resources on soil wind erosion in the river basin 
Irrigation and development and utilization of water and land resources for agriculture change the status of surface 
soil moisture and hence the processes of soil wind erosion in the river basin. Figure 9 shows the simulated 
correlations between soil wind erosion modulus and irrigation water use during March-April and sum of irrigation 
water use and precipitation. It can be seen that less irrigation water use means larger probability of occurrence of 
soil wind erosion. 
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Figure 9.Correlation between soil wind erosion and irrigation water use in the Tuhaimajia River Basin 
In order to manage water resources shortage and improve the efficiency of water resources utilization, large-scale 
agricultural water saving is being carried out in the Tuhaimajia River Basin, including enhancing canal water 
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conveyance efficiency, adjusting crop mix, applying film and straw cover, sprinkler irrigation, micro-irrigation and 
deficit irrigation, etc. Those measures applied will surely change the status of farmland soils and their moisture. For 
example, application of film and straw cover are helpful to alleviating farmland soil wind erosion and deficit 
irrigation and improving conveyance efficiency may reduce leakage to groundwater, and adjusting crop mix to 
reduce irrigation water use may intensify farmland soil wind erosion. In order to study the effects of agricultural 
water saving on soil wind erosion quantitatively, based on the simulation of the current soil wind erosion in the river 
basin, agricultural water saving measures are assumed and simulation is made on soil wind erosion in the river basin 
for the assumed cases, and then comparative analysis is made on the difference between the assumed case and the 
current soil wind erosion. The assumed water saving measures include deficit irrigation on 20% of wheat area, 
wheat straw covering on 80% of corn area, film covering on 60% of cotton area, and sprinkler and micro-irrigation 
on 60% of vegetable & melon area and 50% of fruit tree area, 0.09 canal efficiency increase, 5% reduction of wheat 
area and 50% reduction of paddy field, etc. Under this scenario, the average annual soil wind erosion in the river 
basin is 1.231 kg/m2.a, and Table 2 shows the change of soil wind erosion area by class. It can be seen that the 
application of water saving measures intensify soil erosion to some extent, and big changes occur to part area and in 
part time. 
Table 2.Quantified effects of agricultural water saving on soil wind erosion in the Tuhaimajia River Basin 
Wind erosion modulus Current status Water saving measures added Change Area  Area  
kg/m2.a 103 m2 % 10 3 m2 % % 
0-0.5 2900  0.0  2880  0.0  0.0  
0.5-1.0 7078160  22.3  6131760  19.3  -3.0  
1.0-1.5 18638730  58.8  19354560  61.1  2.3  
1.5-2.0 5150870  16.2  5327790  16.8  0.6  
>2.0 831280  2.6  884930  2.8  0.2  
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5. Conclusions 
The existing studies of soil win erosion are mainly implemented by using remote-sensing, on-site survey, fixed 
position observation and in-room experiment and simulation, etc and few reports are available on the regional 
simulation study to consider the effects of human activities in a systematic and quantitative manner. In this paper, 
based on a distributed water resources allocation and water cycle simulation model and by consulting previous 
simulation studies of critical friction wind velocity, friction wind velocity and amount of soil wind erosion, a 
distributed simulation model of soil wind erosion is constructed, and it can be used to reconstruct the historical 
process of soil wind erosion on the river basin or regional basis in a systematic and dynamic way, and to simulate 
the effects of climatic change, change of human water use and disturbance of surface soil on soil wind erosion in a 
river basin or region. 
As affected by both the natural and human factors, the Tuhaimajia River Basin has become an area with the most 
severe soil wind erosion in the semi-humid zone of China, seeing strong wind and dust weather of varying intensity 
every year which produce serious impacts on the life and production of the local people, and has thus been listed in 
the areas with high threats of desertification by the UN environmental protection organization. By applying the 
distributed soil wind erosion simulation model to the river basin, the difference in soil wind erosion between 
different land uses is verified, and the temporal and spatial distributions of soil wind erosion in the river basin during 
1991-2005 is simulated, indicating that the average annual soil erosion modulus in the river basin is 1.217 kg/m2·a, 
and the overall situation of soil erosion is at a low level, but part of the areas and part of the years see severe soil 
wind erosion. At the last part of the paper, the effects of water saving on soil wind erosion implemented in the 
construction of “water-saving society” in the river basin is simulated to conclude that agricultural water saving 
exerts slight effects on soil wind erosion in the river basin in general, but significant changes occur to some areas 
and in some times. 
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